Nuclear translocation of proteins has a crucial role in the pathogenesis of cancer, Alzheimer disease and viral infections. A complete understanding of nuclear trafficking mechanisms is therefore necessary in order to establish effective intervention strategies. Here we elucidate the role of Nesprin-2 in Ca 2C /Calmodulin mediated nuclear transport. Nesprin-2 is an actin-binding nuclear envelope (NE) protein with roles in maintaining nuclear structure and location, regulation of transcription and mechanotransduction. Upon depletion of Nesprin-2 using shRNA, HaCaT cells show abnormal localization of the shuttling proteins BRCA1 and NF-kB. We show that their nuclear transport is unlikely due to the canonical RAN mediated nuclear import, but rather to a RAN independent Ca 2C /Calmodulin driven mechanism involving Nesprin-2. We report novel interactions between the actin-binding domain of Nesprin-2 and Calmodulin and between the NLS containing region of BRCA1 and Calmodulin. Strikingly, displacing Nesprins from the NE resulted in increased steady state Ca 2C concentrations in the cytoplasm suggesting a previously unidentified role of Nesprins in Ca 2C regulation. On comparing Nesprin-2 and BRCA1 localization in the ovarian cancer cell lines SKOV-3 and Caov-3, Nesprin-2 and BRCA1 were localized to the NE envelope and the nucleus in SKOV-3, respectively, and to the cytoplasm in Caov-3 cells. Fibroblasts obtained from EDMD5 (Emery Dreifuss muscular dystrophy) patients showed loss of Nesprin-2 from the nuclear envelope, corresponding reduced nuclear localization of BRCA1 and enhanced cytoplasmic Ca
Introduction
The nuclear envelope (NE) presents as a physical barrier to the free shuttling of macromolecules to and from the nucleus. A finely regulated import and export machinery is therefore crucial for cellular processes like DNA damage response, inflammation and tumorigenesis. Proteins that undergo nucleo-cytoplasmic shuttling usually possess a nuclear localization sequence (NLS) and/or nuclear export sequence (NES). These sequences are then recognized by karyopherins which along with Ran and nucleoporins constitute the classical Ran dependent protein trafficking. In addition to this relatively well described pathway, nuclear shuttling proteins also employ a Ca 2C /Calmodulin mediated mechanism in regulating the localization of NLS containing proteins which is conserved from yeast to man. 1, 2 The NLS of proteins such as Grb7, the NF-kB family proteins RelA and c-Rel, nuclear myosin NM1, SRY and SOX9 bind to Calmodulin and the binding has been suggested to play a role in nuclear localization of these proteins and can act either by promoting or inhibiting the import. [3] [4] [5] [6] [7] [8] [9] On the other hand, a change in intracellular Ca 2C has an effect on nuclear import of NLS containing proteins such as Smad3, BRCA1 and p65. [10] [11] [12] Moreover, a change in intracellular Ca 2C is also important for nuclear export of proteins such as BRCA1, HDAC4, HDAC5 and the glucocorticoid receptor. [13] [14] [15] [16] [17] Sweitzer and Hanover (1996) attempted to assimilate the combined role of Ca 2C and Calmodulin in nuclear transport in a model where upon a stimulus for nuclear transport Ca 2C is released from the local stores, namely the NE and the endoplasmic reticulum (ER), and binds to Calmodulin. The activated Ca 2C /Calmodulin complex recognizes the NLS of the target molecule. 18 This tertiary protein complex is recognized by an unknown component of the NE and is internalized. However, the role of the NE in Ca 2C /Calmodulin mediated nuclear transport remained to be explored. 2, 18 The apparent contradiction in the literature in the directionality of nuclear transport in response to Ca 2C release may be explained by the levels of free Ca 2C in the resting and stimulated state of a given cell type. 18 Nesprin-2 is an actin-binding NE protein that links the nucleoskeleton to the cytoskeleton. It comprises an N terminal actinbinding domain (ABD) composed of 2 Calponin homology domains, multiple spectrin repeats and a C terminal KASH domain which anchors it in the nuclear membrane. Several isoforms have been identified that are derived from a single gene and vary in size and domain composition. 19 Nesprin-2 along with SUN proteins forms the LINC complex which is involved in mechanotransduction, transcriptional regulation, centrosomal positioning and cell polarization. [20] [21] [22] Nesprin-2 knockdown cells have a defective nuclear translocation of c-Fos and Smad 2/3. 23 However, the underlying mechanism of Nesprin-2 mediated nuclear transport is largely unknown.
Nesprin-2 mutations have also been linked to Emery-Dreifuss muscular dystrophy 5 (EDMD5), an autosomal dominant form of degenerative myopathy, in which the Nesprin-2b isoform composed of Cterminal spectrin repeats and the KASH domain carries a point mutation leading to amino acid exchange T89M. 24 This position is located in a spectrin repeat and is evolutionary highly conserved in all Nesprins. Intriguingly, the mutation leads to abnormal nuclear shape, mislocalization of nuclear envelope proteins and impaired protein-protein interactions. However, a tunable mechanism that results out of loss of Nesprin-2 and could be explored for therapeutics, has not been described in these patients. Moreover, Nesprin-1, another member of the Nesprin family of proteins, has been linked to cancer pathology. 25 Whether such a link between Nesprin-2 expression and cancer exists is an unsolved question. Elucidating the role of Nesprin-2 in tunable signaling cascades may lead to novel therapies and better understanding of the disease.
In this study, we tested the effects of Nesprin-2 depletion on the localization of NF-kB and BRCA1. We demonstrate that Nesprin-2 mediated nuclear transport follows a Ca 2C /Calmodulin dependent mechanism and has implications for abnormal localization for nuclear proteins in ovarian adenocarcinoma and in fibroblasts from an EDMD5 patient.
Results
Nesprin-2 knockdown cells have reduced nuclear localization of NF-kB and BRCA1 To determine if Nesprin-2 mediated nuclear trafficking is specific to substrates c-Fos and Smad 2/3 only, we investigated the nuclear localization of BRCA1 and NF-kB in HaCaT cells in which Nesprin-2 was depleted by shRNA mediated knockdown (Nesprin-2 KD) as confirmed by Nesprin-2 specific pAbK1 (Fig. 1A) .
26 BRCA1 is localized to the nucleus in untreated cells. 27 Upon Nesprin-2 depletion, which particularly affects the longer isoforms carrying the ABD, it is lost from the nucleus and diffusely distributed in the cytoplasm. We observed such a distribution in about 80% (p<0.05) of the KD cells, whereas cytoplasmic BRCA1 was seen in~20% of the control cells (Fig. 1B, C) . In contrast, NF-kB shows a diffuse nucleocytoplasmic distribution in control and Nesprin-2 KD cells (Fig. 1D) . Upon UV treatment, NF-kB translocates to the nucleus in control cells whereas in Nesprin-2 KD cells, it maintains its nucleocytoplasmic distribution (Fig. 1E) . Further analysis showed that after UV treatment NF-kB was present in the cytoplasm in~25% of the control cells, whereas~43% (p<0.05) of KD cells showed cytoplasmic NF-kB (Fig. 1F) . The data thus suggest that Nesprin-2 mediated nuclear translocation is not specific for substrates c-Fos and Smad 2/3 but involves also BRCA1 and NF-kB. Cell fractionation of cytoplasmic and nuclear fractions of control and Nesprin-2 knockdown cells followed by western blotting also supports nuclear import deficiency upon Nesprin-2 depletion indicating that reduced nuclear localization of BRCA1 and NF-kB is not secondary to reduction in protein amount after Nesprin-2 knockdown (Fig. 1G, shown for BRCA1) .
Furthermore, we evaluated the effect of abnormal nuclear trafficking on DNA damage response in Nesprin-2 KD cells since mobilization of proteins into the nucleus to repair damaged DNA is a key element in the DNA damage response (DDR). We used g-H2AX as a marker. Because phosphorylation of H2AX at Ser 139 (g-H2AX) is abundant, fast, and correlates well with DDR, it is the most sensitive marker that can be used to examine the DNA damage produced and the subsequent repair of the DNA lesion. 28 Nesprin-2 KD cells show reduced g-H2AX foci formation in response to UV induced DNA damage, indicating a hypoactive DNA damage response presumably due to insufficient transport of essential repair proteins ( Fig. 2A, B ).
Nesprin-2 mediated nuclear trafficking is not secondary to loss of other nuclear envelope proteins and is RAN independent Depletion of Nesprin-1 from the nuclear envelope results in reduction of Emerin at the nuclear envelope. 25 To investigate if Nesprin-2 depletion has a similar effect on Emerin which may then influence nuclear trafficking, we evaluated Emerin localization in Nesprin-2 KD cells by immunofluorescence analysis. In stark contrast to Nesprin-1, Nesprin-2 depletion did not affect Emerin localization suggesting that Nesprin-2 mediated nuclear trafficking is not secondary to loss of Emerin. Similarly, it did not affect the nuclear pore complex since Nesprin-2 knockdown cells did not show altered mAb414 staining (Fig. 3A, B) . Also, the localization of RAN, a GTP-binding protein involved in nucleocytoplasmic transport, was not affected (Fig. 3C) . To test if Nesprin-2 mediated nuclear translocation is RAN dependent, we probed the nuclear localization of GFP tagged to SV40 NLS since SV40 NLS is a well-documented cargo for importin mediated nuclear localization. 5, 29 Nesprin-2 KD cells showed a nuclear localization of SV40 NLS similar to control cells indicating that Nesprin-2 mediated nuclear translocation is RAN independent (Fig. 3D ).
Calmodulin interacts with the NLS containing region of BRCA1
Glover-Collins and Thompson (2008) demonstrated a novel Ca 2C /Calmodulin sensitive BRCA1 shuttling. 11 However, they did not test if the NLS of BRCA1 binds to Calmodulin. To investigate an interaction between BRCA1 and Calmodulin, we performed immunoprecipitation and GST pull down assays. COS7 cells were transfected with Calmodulin-YFP or YFP plasmid (negative control). Immunoprecipitation experiments performed using BRCA1 antibodies showed the presence of thẽ 45 kDa Calmodulin-YFP in the BRCA1 immunoprecipitate, indicating a novel interaction between BRCA1 and Calmodulin. YFP was not precipitated by BRCA1 antibodies (Fig. 4A) . To further characterize the BRCA1 Calmodulin interaction, we used various GST constructs spanning the polypeptide sequence of BRCA1 (Fig. 4B ). BRCA1 contains 2 NLSs in the region of amino acids 503-508 and 606-615 and one NES in the RING domain (amino acids 24-65). The polypeptides containing the NLSs and the RING domain were able to pull down Calmodulin-YFP but not YFP (Fig. 4C) , indicating that the interaction between BRCA1 and Calmodulin is mediated by the NLS containing and also by the RING domain. The interaction between Nesprin-2 and Calmodulin is mediated by the actin-binding domain of Nesprin-2
To investigate if Nesprin-2 could act as a nuclear envelope sensor to recognize Ca 2C /Calmodulin bound cargo for nuclear trafficking, we checked for an interaction between Nesprin-2 and Calmodulin using COS7 cells expressing Calmodulin-YFP (45 kDa) or YFP (28 kDa). In immunoprecipitation experiments performed with pAbK1 we found Calmodulin in the Nesprin-2 immunoprecipitate (Nesprin-2 IP) whereas YFP was not precipitated by Nesprin-2 antibodies indicating an interaction between Nesprin-2 and Calmodulin (Fig. 5A, middle  panel) .
The ABD of Nesprin-2 is highly homologous to the ABD of a-actinin. 30 This ABD has the potential to interact with Ca 2C binding EF-hands as they are present in Calmodulin. 31 Therefore we hypothesized that the ABD of Nesprin-2 can bind Calmodulin and carried out pull down assays with the His-tagged Nesprin-2 ABD (residues 1-285) and found that it could precipitate Calmodulin-YFP from cell lysates thus narrowing down the interaction site in Nesprin-2. In control experiments YFP was not precipitated by His-ABD (Fig. 5A, right panel, B) . To test whether the interaction between the Nesprin-2 ABD and Calmodulin is direct or indirect, Calmodulin was expressed as GSTfusion protein, purified using glutathione-sepharose beads, eluted from the beads, dialyzed and incubated with Ni-NTA agarose carrying His-tagged ABD. GST was used for control. Bound proteins were analyzed by SDS PAGE analysis and staining with Coomassie Blue which revealed a direct interaction between the ABD and Calmodulin (Fig. 5C) . In further experiments we added 2 mM CaCl 2 or 2 mM EGTA to the incubation buffer which showed that the binding occurred in the presence of Ca 2C but not in its absence (Fig. 5D) . We also studied whether Nesprin-2 can interact with NF-kB and BRCA1 and found that they were immunoprecipitated from HaCaT cell lysates by Nesprin-2 pAbK1 antibodies (Fig. 5E) . NLS or with Nesprin-2 shRNACGFP-PK-SV40 NLS to detect localization of GFP-NLS in both control and Nesprin-2 KD cells. Nesprin-2 was detected with pAbK1. Arrow points to a KD cell having nuclear GFP-PK-SV40 NLS. Scale bar, 10 mm.
Displacing Nesprins from the nuclear envelope results in increased cytoplasmic Ca 2C concentrations Cellular Ca 2C has a crucial role in regulating nuclear transport. 18 In order to investigate the effect of loss of Nesprins on cellular Ca 2C levels, we performed live Ca 2C imaging using HaCaT cells expressing SP-GFP-SUN-1-C. SP-GFP-SUN-1-C protein is composed of GFP and the C terminus of SUN-1 encompassing the coiled coil and SUN domain which are located in the perinuclear space. It has dominant interfering effects and displaces Nesprins from the nuclear envelope by competing with endogenous SUN proteins for binding to the Nesprin KASH domains. An Nterminal signal peptide (SP) derived from torsin A ensures targeting of the fusion protein to the ER and the perinuclear space. 32 SP-GFP, a fusion protein comprising the signal peptide of torsin and GFP, was used as a control. Nesprin-2 was successfully displaced from the NE and the cells were then employed in independent experiments for live imaging (Fig. 6A) . Ca
2C measurements demonstrate a 3-fold increase in Rhod-2 related fluorescence in the cytoplasm of SP-GFP-SUN-1-C expressing cells as compared to SP-GFP expressing cells, indicating that displacing Nesprins from the nuclear envelope results in elevated cytoplasmic Ca 2C levels (Fig. 6B, C) .
Differential expression of Nesprin-2 in ovarian cancer cell lines and its effect on nuclear transport SKOV-3 and Caov-3 are human ovarian adenocarcinoma cell lines. Intriguingly, they express variable amounts of Nesprin-2. Nesprin-2 is greatly reduced in Caov-3 cells as compared to SKOV-3 cells as shown by protein gel blot and immunofluorescence analysis (Fig. 7A, B) . For the analysis we used pAbK1 antibodies. In SKOV-3 we detected proteins of >400 kDa, 250 kDa and~90 kDA whereas Caov-3 cells expressed low amounts of the >400 kDa, no~250 kDa protein and low amounts of the 90 kDa protein with pAbK1. In immunofluorescence analysis these antibodies stained strongly the NE in SKOV-3 cells, whereas in Caov-3 cells no NE staining was detected. Instead, a diffuse cytosolic staining was seen. Corresponding to the Nesprin-2 reduction, Caov-3 cells showed reduced nuclear BRCA1. In fact, BRCA1 was diffusely distributed throughout the cells. By contrast, in SKOV-3 cells BRCA1 is predominantly nuclear (Fig. 7B) . Strikingly, Rhod-2 analysis showed elevated cytoplasmic Ca 2C levels in Caov-3 cells in comparison to SKOV-3 cells (Fig. 7C, D) .
Loss of Nesprin-2 in EDMD5 fibroblasts results in reduced BRCA1 nuclear localization and enhanced cytoplasmic Ca

2C
It has been shown that the mutation in Nesprin-2b in EDMD5 resulted in loss of Nesprin-2 from the NE. 24 In agreement with previously published data, we found a strongly reduced Nesprin-2 staining in patient fibroblasts carrying the T89M mutation as compared to control fibroblasts. In addition in the EDMD5 fibroblasts we observed a diffuse BRCA1 staining throughout the cell and no nuclear enrichment as in the control (Fig. 8A) . This could be due to abnormal nuclear trafficking in the EDMD5 fibroblasts. Subsequent Ca 2C measurements showed elevated cytoplasmic Ca 2C levels in the EDMD5 fibroblasts as compared to control fibroblasts (Fig. 8B, C) .
Discussion
Here we further elucidate the role for Nesprin-2 in nuclear transport and suggest that it might be Ran independent and Ca 2C /Calmodulin dependent. We further point out potential implications for ovarian adenocarcinoma and EDMD5.
Nesprin-2 KD cells have abnormal transport of c-Fos and Smad 2/3 in response to TGF b stimulation. This in turn has an effect on keratinocyte proliferation and wound healing. 23 Here we show that in addition to c-Fos and Smad 2/3, Nesprin-2 KD cells have abnormal BRCA1 and NF-kB transport. Strikingly, we observe abnormal BRCA1 localization in the ovarian adenocarcinoma cell line Caov-3 and EDMD5 fibroblasts, similar to what is observed in Nesprin-2 KD cells.
BRCA1 and NF-kB as substrates for the Ca 2C /Calmodulin pathway BRCA1 nuclear transport is Ca 2C regulated, i.e., enhancing cytoplasmic Ca 2C promotes nuclear export of BRCA1 and chelating intracellular Ca 2C favors nuclear accumulation of BRCA1. 11 We found that Calmodulin-YFP overexpression led to a diffuse BRCA1 localization throughout the cell, whereas in YFP overexpressing cells BRCA1 remained nuclear (data nor shown). We identified a novel binding site between the NLS containing region of BRCA1 and Calmodulin. Taken together, our data supports previous findings of the dependence of BRCA1 localization on the Ca 2C / Calmodulin pathway. 11 We further identified a novel interaction between Nesprin-2 and Calmodulin. Considering the model suggested by Hanover et al. (2009) , we propose that Nesprin-2 could be a candidate protein that can act as a receptor for Ca 2C /Calmodulin bound cargo. 2 Based on its reported localization near nuclear pore complexes Nesprin-2 may then facilitate or enhance nuclear import. 30 The depletion of Nesprin-2 after shRNA mediated knockdown results in the failure of the recognition of the Ca 2C /Calmodulin bound cargo for nuclear trafficking resulting in abnormal localization. Further, Nesprin-2 knockdown cells have a hypoactive DDR as shown by reduced g-H2AX foci. DDR entails trafficking of proteins from one subcellular compartment to the other. Our results suggest that hypoactive DDR can be attributed to the failure of nuclear localization of several factors that are not concentrated in the nuclear compartment upon Nesprin-2 depletion. Whether RNA trafficking is also affected in addition to protein trafficking is not known so far.
Elevated cytoplasmic levels of Ca 2C upon loss of Nesprin-2 Elevated cytoplasmic levels of Ca 2C upon loss of Nesprin-2 are intriguing and may explain the pathogenesis of EDMD. An increase in intracellular Ca 2C in Duchenne muscular dystrophy (DMD) is a well-known factor playing an important role in cardiomyopathy in DMD. 33 However, important limitations of the experiment have to be recognized. SP-GFP-SUN-1-C plasmid although an important tool for live cell imaging, has a major drawback. In addition to displacing Nesprin-2 it also displaces Nesprin-1 making it difficult to conclude whether the enhanced cytoplasmic Ca 2C is due to Nesprin-2 loss alone or a combined effect of loss of Nesprin-2 and Nesprin-1 from the nuclear envelope. However, the finding is very significant as it indicates the importance of NE proteins in a dual function, namely Ca 2C physiology and Calmodulin binding both of which impact on nuclear trafficking. Strikingly, this finding is also replicated in the clinical models. The ovarian adenocarcinoma cell line Caov-3 that has reduced Nesprin-2 expression as compared to SKOV-3 also has elevated cytoplasmic Ca 2C , and EDMD5 fibroblasts which show Nesprin-2 mislocalization also show elevated Ca 2C levels.
Clinical relevance
Our results suggest that the role of Nesprin-2 in Ca 2C /Calmodulin mediated nuclear trafficking can be exploited for treating ovarian adenocarcinoma and EDMD5. Further studies should focus on the effect of Ca 2C chelators, Ca 2C release inhibitors and molecules interfering with Calmodulin kinase effects on nuclear transport, DDR and cell survival in the abovementioned cells. Unfortunately, the clinical data from the patients from whom the ovarian tumor cells have been derived is not available. It would be necessary to investigate the relation between Nesprin-2 expression and tumor properties like metastasis, invasion and tumor growth.
Experimental Procedures
Cell culture
The human keratinocyte cell line (HaCaT), COS7 and ovarian adenocarcinoma cell lines were cultured in DMEM medium (PAN Biotech No. P04-03550) with high glucose (4,5 g/ dL), penicillin/streptomycin, glutamate and 5% fetal bovine serum. The ovarian adenocarcinoma cell lines were a kind gift from Prof. Baki Akg€ ul (Institute of Virology, Medical Faculty, University of Cologne). 34, 35 Cells were grown in a humidified atmosphere and 5% CO 2 . Subcutaneous fibroblasts from a patient suffering from EDMD5 were a gift from Prof. Wehnert (Institute of Human Genetics and Interfaculty Institute of Genetics and Functional Genomics, University Greifswald). 24 The fibroblasts (Passage 13-17) were cultivated in Eagle's MEM (Gibco, No. 31095-029), 20% fetal bovine serum, 7.5% Bicarbonate, 1 M HEPES, penicillin-streptomycin and glutamate.
Immunofluorescence analysis Cells were seeded on coverslips (12 mm diameter). After the desired treatment they were fixed using 3% paraformaldehyde, permeabilized with 0.5% Triton X-100 and blocked with phosphate buffered gelatin (PBG). For monoclonal antibodies against BRCA1 methanol fixation was used. Rabbit polyclonal antibodies pAbK1 (1:250) and mouse monoclonal mAb K20-478 (1:250) 26 ,30 specific for Nesprin-2, rabbit polyclonal antibodies against NF-kB (1:300, Abcam), polyclonal and monoclonal antibodies against BRCA1 (Abcam, 1:200 for the mAb) and mAb414 (Abcam) against nuclear pore complex proteins were diluted in PBG and the cells were incubated with primary antibodies for 2 hours. Cells were washed with PBS and subsequently incubated with appropriate secondary antibodies conjugated to Alexa 488 or 568 (Sigma) along with DAPI to stain the DNA for 45 min. Coverslips were washed and fixed on slides using Gelvatol. Images were taken using a confocal microscope (Leica). SV40-NLS-PK plasmid was a kind gift from Prof. Pavel Hozak, Institute of Molecular Genetics of the ASCR. 5 The g-H2AX foci were analyzed using cellprofiler image analysis software. 36, 37 Foci 0 .7 mm were counted.
UV induced DNA damage
The cells were exposed to 80 J/ m 2 UVC using a Hoefer UV transilluminator. After UV exposure, the cells were briefly washed with PBS and incubated with fresh media for 4 h and processed for immunofluorescence.
Immunoprecipitation
Cells were trypsinized and pelleted. The cells were lysed using lysis buffer (50 mM Tris-HCl, pH 7.0, 0.5% sodium desoxycholate, 1% NP40, 150 mM NaCl, 1 mM DTT, proteinase inhibitor cocktail). The lysate was passed through a syringe and needle (0.4 mm gauge) 10 times and sonicated at 20% amplitude. The lysate was then centrifuged at 12,000 rpm and the supernatant incubated with Protein A Sepharose beads for one hour (preclearing). The precleared lysate was centrifuged and the supernatant incubated with antibodies (3-5 mg/ml) for 2 h. This mixture was then incubated overnight with Protein A Sepharose beads. All reactions were performed at 4 C. The next day the beads were pelleted and washed with ice-cold PBS and the beads finally boiled with 2x SDS sample buffer at 95 C. The supernatant was loaded onto SDS polyacrylamide gels (12% acrylamide and 3-10%-gradient gel to probe for Nesprin-2).
GST and His tag pull down assay
Plasmids encoding various regions of BRCA1 expressed as GST fusion proteins, namely, PGEXT2tkcs BRCA1 (aa 1-324), (aa 341-748), (aa 262-553) and (aa 504-802) were obtained from Prof. Steve Elledge. 38 The actin-binding domain of Nesprin-2 was expressed as His tag fusion (His-ABD). 30 GST or His tagged fusion proteins were expressed in E. coli XL1 blue. Bacteria were grown to an OD 600 between 0.6 and 0.8 and protein expression overnight at 20 C was induced by the addition of 0.5 mM Isopropyl-1-thio-D-galactopyranoside (IPTG). The bacteria were harvested, washed and lysed with STE buffer (10 mM Tris-HCl, pH 8.0, 50 mM NaCl, 1 mM EDTA) supplemented with protease inhibitors (Sigma). Lysis was performed by mechanical shearing with a Dounce homogenizer in the presence of 100 mg/ml lysozyme followed by 15 min incubation on ice. Lysates from bacteria expressing GST fusion proteins were additionally supplemented with Sarkosyl to a final concentration of 1.5%. All samples were sonicated and centrifuged at 16.000 rpm for 30 min. Supernatants were transferred to a new tube and lysates from bacteria expressing GST fusion proteins were supplemented with Triton X-100 to a final concentration of 2%. GST and His-tag fusion proteins were purified from bacterial lysates by adding glutathione Sepharose 4B (GE Healthcare) or Ni-NTA beads (Qiagen) as required at 4 C for 4 hours. Beads were washed 5 times with PBS to remove nonspecifically bound proteins. His-ABD was eluted from Ni-NTA beads with 250 mM imidazole, Calmodulin-GST or GST bound to GST-Sepharose beads were released using glutathione. Eluted proteins were dialyzed against 50 mM Tris-HCl, pH 7.5. For interaction studies beads bound proteins and the putative binding partner were incubated for 4 hours at 4 degrees in 50 mM TrisHCl, pH 7.5, 100 mM NaCl, 10 % Glycerol, 0.05% Triton X-100. The beads were extensively washed and the beads bound proteins analyzed by SDS-PAGE. To study a dependence on Ca 2C the incubation was carried out in the presence of 2 mM CaCl 2 or 2 mM EGTA.
COS7 cells expressing Calmodulin-YFP or YFP or GFP as indicated were lysed with lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Nonidet-P40, and 0.5% sodium deoxycholate) supplemented with protease inhibitors. For preclearing, lysates of COS7 cells expressing YFP fusion proteins were incubated with beads for one hour at 4 C followed by incubation with the corresponding GST-or Ni-NTA beads bound fusion proteins for 3 hours. For probing a Ca 2C dependency of the interaction, the incubation was carried out in the presence of 2 mM CaCl 2 or 2 mM EGTA. Finally, beads were washed 5 times with PBS supplemented with protease inhibitors. SDS sample buffer was added and samples were heated for 5 min at 95 C and analyzed by SDS-PAGE followed by Coomassie Blue staining or western blot analysis. b-actin as loading control was recognized using monoclonal antibodies (Sigma). YFP-fusion proteins were detected with mAb K3-184-2. YL1/2 antibodies were used for b-tubulin detection serving as control.
Knock-down of Nesprin-2 using shRNA Human Nesprin-2 shRNAs were constructed as duplexes with the sequence Nesprin-2 C-terminal (N2C2)-5 0 CCAGC CTCCTGCAACATCCGAAGCTTGGGATGTTGCAGGAG GCTGGTTTTTT 3 0 and the control5 0 ATCTACTCGACGT GAGCGTGAAGCTTGACGCTCACGTCGAGTAGATTTT TT 3 0 . HaCaT cells were transfected twice at intervals of 3 d using the Amaxa cell line Nucleofector Ò kit V (Lonza) according to the manufacturer's instructions. Cells were seeded on the plate and fresh media was added 24 hours after seeding. Cells were analyzed after overnight incubation.
Calcium imaging
Cells were plated on IBIDI plates (Martinsried). Prior to live Ca 2C imaging, they were washed twice with KRH buffer (125 mM NaCl, 5 mM KCl, 1.8 mM CaCl 2 , 2.6 mM MgSO 4 , 5 mM Hepes, pH 7.2). Then they were incubated with Rhod-2 acetoxymethyl (AM) ester (Life technologies) (1mM) reconstituted in KRH buffer for 20 min. Cells were washed 6 times with KRH buffer and incubated in KRH for a further 20 minutes at room temperature to allow complete deesterification of Rhod-2 AM. Images were obtained using a Leica confocal microscope (SP5) (63X and 100 X magnifications for SP-GFP and ovarian adenocarcinoma cell lines respectively). Image analysis was done using ImageJ software as follows. A square field was chosen where there were no cells. Intensity (gray scale value) was measured and this was regarded as F0, in arbitrary units (background intensity). Similar square field area gray scale measurements were taken for cells loaded with calcium and their individual intensity taken as F. Background correction was calculated as F-F0. Average values of background corrected intensity were taken for the cells measured. At least 3 independent experiments were performed. The graph and statistics was performed using Sigmaplot software. 39 
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